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INTRODUCTION: 

Ricin  is  derived  from  Ricinus  communis  and  is  classified  as  a  select  agent  by  the  U.S. 
Departments  of  Health  and  Human  Services  (HHS)  and  Centers  for  Disease  Control  and  Prevention 
(CDC).  The  toxin’s  ability  to  kill  cells  and  the  potential  to  make  large  quantities  of  the  toxin  using  low- 
tech  strategies  can  be  exploited  by  terrorist  organizations  or  individuals  to  develop  ricin  into  a  biological 
weapon.  Strikingly,  ricin  toxin  was  manufactured  and  stored  as  a  biological  weapon  by  Iraq  (18)  and 
numerous  cases  of  potential  exposure  were  documented  in  London,  UK  (14),  France  (24),  Washington 
DC,  (31)  and  Georgia,  US  (22).  Therefore,  ricin  exposure  is  a  real  threat  to  the  general  population  as 
well  as  military  personnel,  but  there  are  very  limited  therapies  to  treat  individuals  exposed  to  the  toxin. 

Ricin  toxin  is  a  member  of  the  A-B  family  of  toxins,  which  also  includes  cholera  toxin,  diphtheria 
toxin,  shiga  toxin,  Pseudomonas  exotoxin  A  and  pertussis  toxin  (25).  Ricin  toxin  enters  the  cell  through 
endocytosis  following  interaction  of  the  B  subunit  with  cell  surface  glycolipids  and  glycoproteins.  It  then 
traffics  in  a  retrograde  fashion  through  the  trans-Golgi  network  and  Golgi  apparatus  towards  the  ER, 
eventually  acting  on  the  ribosome  in  the  cytoplasm  (13).  Ricin  toxin  is  a  type-ll  ribosome  inactivating 
protein,  or  RIP.  Type  II  RIPs  act  upon  the  ribosome  by  depurinating  an  adenine  residue  in  the  region  of 
the  28S  rRNA  termed  the  sarcin-ricin  loop,  thereby  halting  translation  and  inducing  cell  death  (4). 

The  retrograde  transport  of  the  ricin  A  chain  across  the  ER  membrane  and  into  the  cytosol 
known  as  dislocation  utilizes  the  cellular  process  referred  to  as  ER  quality  control.  The  ER  environment 

mediates  the 
folding  of 
nascent 
polypeptides 
into  their  native 
conformations. 
Proteins  that 
cannot  adopt  a 
proper  folded 
conformation 
due  to 

deleterious 
effects  of 
folding  or 

genetic  mutations  may  be  extracted  from  the  ER  and  transported  to  the  cytosol  for  proteasome 
degradation  (7,  17,  21).  There  is  a  growing  list  of  human  diseases  that  can  be  attributed  to  the 
destruction  of  proteins  from  the  ER  (Table  1)  (2,  3).  Thus,  ricin  utilizes  a  cellular  pathway  designated  to 
eliminate  misfolded  ER  proteins  in  order  to  gain  access  to  the  cytosol. 

The  investigation  of  ricin  toxin  transport  across  the  ER  membrane  has  been  hampered  by  the 
low  number  of  toxin  molecules  that  reach  the  ER  lumen  when  added  extracellularly  (28).  In  order  to 
study  how  ricin  A  chains  (RTA)  are  dislocated  across  the  bilayer  in  human  cells,  we  established  a 
human  cell  system  in  which  the  ricin  A  chain  was  ectopically  expressed  in  the  ER  (23).  However,  due  to 
the  toxic  nature  of  wild  type  RTA  upon  expression  in  human  cells,  we  generated  a  ricin  A  chain  point 
mutant  (RTAEi77d)  (23)  that  is  structurally  similar  to  wild  type  (1),  but  enzymatically  attenuated  (6,  26). 
This  mutant  was  stably  expressed  in  a  human  astrocytoma  cell  line  (U373)  (U373RTAE177D)  because 
these  cells  are  sensitive  to  ricin  and  support  dislocation  of  ER  substrates  (5,  15,  16,  19,  29,  30).  Our 
data  supports  a  model  that  ricin  A  chain  dislocation  occurs  via  a  novel  strategy  by  utilizing  the 
hydrophobic  nature  of  the  ER  membrane  and  selective  ER  components  (e.g.  SEL1L  (suppressor  of  lin- 
1 2-like),  and  not  Derlin-1)  (23).  The  ERAD  components  EDEM-1,  HRD  E3-ligase,  Png-1,  Rad23 
proteasome  receptor,  and  Yos9  were  found  to  be  important  for  ricin  dislocation  (9,  11,  12,  27),  while 
other  factors  such  as  ubiquitin  and  Derlin-1  are  indispensible  for  ricin  dislocation  confirming  our  findings 
that  ricin  co-opts  specific  components  of  ERAD  (12).  A  striking  result  from  our  studies  was  that  the  ricin 
A  chain  was  dislocated  across  the  ER  membrane  with  fast  kinetics  and  eventually  degraded  by  the 
proteasome.  Thus,  we  utilized  the  fast  kinetics  of  dislocation  as  the  basis  for  a  high-throughput  assay  to 
discover  compounds  that  stabilize  ricin  A  chain  in  the  ER. 


Table  1.  Some  diseases  associated  with  degradation  from  the  ER 

Disease 

Defective  gene/proteins 

Clinical 

Manifestation 

Cellular 

pathology 

Cystic  fibrosis 

cystic  fibrosis  transmembrane 
conductance  regulator  (CFTR) 

lung  disease 

ER  retention  and 
degradation 

Emphysema 

arantitrypsin  variants 

lung  disease 

ER  degradation 

Fabri  disease 

a  -D-galactosidase 

neurological 

disease 

ER  degradation 

Oculocutaneous 

albinism 

tyrosinase 

pigmentation 

defect 

ER  retention  and 
degradation 

Diabetes  mellitus 

insulin  receptor 

diabetes 

ER  retention  and 
degradation 

Protein  C 
deficiency 

Protein  C 

blood  disease 

ER  retention  and 
degradation 
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BODY: 

Generation  of  RTAF177n-GFP  expressing  cells:  In  order  to  develop  a  high  throughput  assay  to  identify 
compounds  that  stabilize  ricin  A  chain,  we  constructed  a  ricin  chimera  consisting  of  an  N-terminal  Kb 
signal  peptide,  the  enzymatically  attenuated  RTAEi77d,  and  a  carboxy-terminus  enhanced  green 
fluorescent  protein  (GFP)  (RTAEi77D-GFP)  (Fig.  1A).  This  construct  was  retrovirally  transduced  into 

human  U373  astrocytoma  cells  (20)  to  create  cells 
expressing  RTAe177d-GFP  (U373rtae177D-gfp).  The  protein 
levels  of  RTAEi77D-GFP  were  stabilized  upon  inclusion  of 
proteasome  inhibitor  carboxybenzyl-leucyl-leucyl-leucyl  vinyl 
sulfone  (ZL3VS)  (Fig.  IB).  This  result  was  consistent  with 
published  data  using  a  non-GFP  version  of  ricin  (RTAEi77D) 
(23).  The  consistent  accumulation  of  the  glycosylated 
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Figure  1.  RTAEi77D-GFP  was  stabilized  upon  proteasome  inhibition. 
U373  cells  expressing  RTAEi77D-GFP  (A)  (clones  3  and  4)  were 
untreated  and  treated  with  proteasome  inhibitor  (ZL3VS)  (2.5^M  and 
14hrs)  and  analyzed  by  immunoblot  analysis  (B,  lanes  1-5).  A 
glyceraldehyde  3-phosphate  dehydrogenase  (GAPDH)  immunoblot 
confirmed  equivalent  protein  loading  (B,  lanes  6-10).  Polypeptides  and 
molecular  weight  markers  are  indicated. 


Total  ceil  Lysates  RTAEi77D-GFP  proteins  (Fig.  IB,  lanes  3  &  5)  in  two  clones 

(3  and  4)  indicated  that  the  RTA  chimera  was  stabilized  in 
the  ER.  These  data  demonstrate  that  U373  cells  that  express  the  RTA-GFP  chimera  fulfill  an  important 
criterion  for  the  establishment  of  a  high-throughput  screen. 
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Establishing  conditions 

for  stabilizing  ricin  A 

chain:  We  next 

optimized  proteasome 
inhibition  conditions  to 
visualize  the 

stabilization  of  Kb- 
RTAEi77d“GFP 
molecules.  U373  cells 
expressing  Kb- 

RTAEi77d-GFP  were 
treated  for  4,  8  or  16 
hours  and  with  1 .5,  3  or 
7.5uM  ZL3VS  and  then 
evaluated  by  flow 
cytometry  (Fig.  2).  The 
data  demonstrated  that 
a  lower  concentration  of 
ZL3VS  (1.5  \iM) 

required  16hrs  to 
observe  a  significant 
increase  in  GFP 

fluorescence  (Fig.  2.  A, 
D,  and  G).  However, 
incubation  of  7.5  pJVI  of 
ZL3VS  for  only  8  hours 
revealed  a  measurable 
increase  in  GFP 
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Figure  2.  Analysis  of  RTA-GFP  stabilization  by  flow  cytometry.  u373KTAE177D-tiFP  cells  (clone  4)  treated  with 
different  concentrations  of  proteasome  inhibitor  (ZL3VS)  (1 ,5^iM  (A,D,G),  3^iM  (B,E,H),  or  7.5^iM  (C,F,I))  for  4hrs 
(A-C),  8  hrs  (D-F),  or  16  hrs  (G-l)  were  analyzed  for  GFP  fluorescence  using  a  Beckman  Coulter  Cytomics  FC 
500  Flow  Cytometer.  The  results  were  plotted  as  normalized  cell  number  versus  GFP  fluorescence  comparing 
DMSO  (dashed  line)  orZL3VS  (solid  line)  treated  cells. 


fluorescence  with  even  a  higher  GFP  signal  following  a  16  hour  incubation  (Fig.  2.  C,  F,  and  I).  Cells 
treated  with  3  \iM  of  ZL3VS  also  induced  a  robust  increase  in  GFP  fluorescence  following  a  16  hour 
incubation  (Fig.  2.  B,  E,  and  H).  Considering  cell  morphology  as  an  indication  of  cell  health,  the  optimal 
treatment  time  and  concentration  for  ZL3VS  treatment  was  determined  as  3pM  for  16  hours.  Together, 
these  results  provided  the  proof-of-concept  that  U373RTAE177D-GFP  cells  could  be  utilized  in  a  high- 
throughput  assay  to  discover  compounds  that  stabilize  RTA. 


d.  3 


Cl.  4 


Establish  conditions  to  utilize  U373 SMe<77D-GFP 

cells  in  a  high-content  screen:  Our  initial 
experiment  measured  the  overall  fluorescence 
signal  of  U373RTAE177D'GFP  cells  treated  with 
proteasome  inhibitor  ZL3VS  in  a  384  well  plate 
(Fig.  3).  Clones  3  and  4  of  U373RTAE177D'GFP  ceNs 
(in  triplicate)  were  untreated  or  treated  with 
ZL3VS  (3pM,  16  hrs),  washed  twice  with  PBS 
followed  by  the  measurement  of  GFP 
fluorescence  using  a  Perkin  Elmer  EnVision  plate 
reader  housed  within  the  MSSM  Experimental 
Therapeutics  Institute  Integrated  Screening  Core 


(ETI-ISC).  Two  clones  were  utilized  to 
validate  any  findings.  Only  a  small  increase 
in  fluorescent  signal  was  observed  from 
U373rtae177D'gfp  cells  treated  with 
proteasome  inhibitor  (Fig.  3);  thus,  this 
strategy  of  analysis  could  not  be  used  in  a 
high-throughput  screen. 

Thus,  we  analyzed  proteasome 
inhibitor-treated  U373RTAE177D'GFP  ce|ls  by  a  more  sensitive  method  utilizing  the  Molecular  Devices 
ImageXpress  Ultra  (IXU)  plate-scanning  confocal  microscope  designed  for  high-throughput  analysis  at 
the  ETI-ISC.  (J373RTAE177D  GFP  ce|ls  treated  with  proteasome  exclusively  demonstrated  a  measurable 

punctate  pattern  of  GFP  fluorescent  signal 


Figure  3.  Analysis  of  RTA-GFP  stabilization  by  fluorescence 

palte  reader.  U373  cells  and  U373R'ai=i»l.-gi-h  ceNs  fc|ones  3 
and  4)  were  plated  into  a  384  well  plate  (7,500  cells/well) 
untreated  (black  bars)  or  proteasome  inhibitor  (ZL3VS)  treated 
(gray  bars)  (3  16  hrs).  The  GFP  mean  fluorescence 

intensity  was  averaged  from  the  three  wells  and  the  difference 
among  the  signal  was  represented  by  the  error  bars. 


U373RTAE177D'GFP  cells 


+  zl3vs 


Figure  4.  Proteasome  inhibition  induces  fluorescent 

granules  in  proteasome  treated  U373KIAt177D'GhP  cells. 

,  lo 7 RTAE177D-GFP - 77771 777777] - 77 


U373  cells  treated  with  or  without 

proteasome  inhibitor  (ZL3VS,  2.5  jaM)  for  16hrs  were 
subjected  to  fluorescence  confocal  microscopy.  The 
nucleus  (DAPI,  blue)  and  RTAE177DGFP  (green 
fluorescent  granules)  molecules  were  analyzed. 


(Fig.  4).  Four  fields/well  were  acquired  by  the 
IXU  confocal  microscope  and  MetaExpress 
software  was  used  to  quantify  the  fluorescent 
signal  from  U373RTAE177D‘GFP  cells.  Each  image 
was  analyzed  based  on  the  nuclear  stain 
(Fig.  4,  (blue,  4',6-diamidino-2-phenylindole 
(DAPI)  stain)  and  a  GFP  fluorescent  signal.  A 
mask  was  created  to  identify  the  nucleus 
ranging  from  7-30p,m  and  1500  gray  levels 
over  background,  while  the  RTAEi77D-GFP 
proteins  were  detected  by  analyzing  GFP 
fluorescent  granules  between  2-4pm  and 
3000  gray  levels  above  background.  The 
GFP  fluorescent  signal  was  calculated  into  an 
integrated  granule  intensity/total  granule  area 
of  the  cell  and  these  values  were  used  to 
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determine  the  assay  fitness  parameter  known  as  the  Z’  factor  value.  The  Z'  factor  (Z'=1-[3sc+  +  3sc. 
]/[mc+  -  mcJ)  is  calculated  from  the  standard  deviations  of  the  positive  and  negative  control  data  sets 
(sc+  +  3sc.)  and  mean  values  of  the  positive  and  negative  controls  (mc+  -  mC-).  We  optimized  the 

experimental  conditions  to  generate  a 
consistent  and  robust  Z'  factor  value  by 
modifying  cell  number/well,  proteasome 
inhibitor  concentration,  and  incubation  time 
of  proteasome  inhibitor  (Table  2).  In 
addition,  the  coefficient  of  variation  (CV)  of 
the  Z'  factor  was  determined  by  analyzing 
different  plates  the  same  day  and  day-to- 
great  Z'  factor  value  with  a  low  CV  value 


Table  2:  Optimized  conditions  for  RTA  high-content  screen 

Conditions 

Values 

Average  Z’  factor  value  (6  experiments) 

0.74  +/-0.04 

Analysis  time  post  proteasome  inhibitor 

14  hrs 

Proteasome  inhibitor  concentration 

2.8^iM 

Cell  number 

3000 

Tolerable  DMSO  concentration 

1.5% 

Coefficient  of  variability 

4.5% 

day  variation.  In  general,  U373RTAE177D'GFP  cells  yielded  a 
validating  the  fitness  of  the  high-content  screen. 
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Well  Number 


High-content  screening  of  the 

bioactive _ ‘FDA-approved’ 

compound  library:  Utilizing  the 
optimized  screening  conditions, 
we  screened  the  bioactive 
‘FDA-approved’  chemical 
compound  library  consisting  of 
2,080  compounds  in  triplicate 
available  at  the  ETI-ISC.  In 
general,  U373RTAE177D'GFP  cells 
were  plated  in  a  384  well  plate 


(3,000  cells/well,  30 
^il).  The  respective 
compounds  were 
then  pinned  (20nl, 

~5^iM  final)  in  each  well  and  incubated  at  37°C  for  14  hrs.  The  cells  were  then  washed  twice  with  PBS 
and  fixed  with  4%  paraformaldehyde.  Six  positive  (ZL3VS,  2.8^iM)  and  negative  (DMSO-treated) 
controls  were  included  in  each  plate.  The  granular  average  intensity/well  was  determined  as  described 
above  and  a  typical  result  from  a  384  well  plate  is  shown  in  Figure  5.  We  considered  a  compound  a  hit 
when  the  average  granular  intensity  is  >50%  of  the  GFP  intensity  compared  to  proteasome  inhibitor 
treated  U373RTAE177D'GFP  cells  and  a  >0.60  Z’  factor.  In  the  case  of  Figure  5,  the  Z’  factor  value  would 

only  be  calculated  from  wells  whose 
compound  yielded  an  intensity  >3750 
(50%  of  -7500  average  granular 
intensity  of  ZL3VS  treated  cells). 
These  wells  would  be  visually 
inspected  to  confirm  the  increase  in 
GFP  fluorescent  perinuclear  granules 
(Fig.  4).  Using  these  criteria,  eleven 
hit  compounds  were  identified  from 
the  screening  of  the  bioactive  ‘FDA- 
approved’  compound  library  (Table  3). 
Strikingly,  two  sets  of  compounds 
have  similar  chemical  structures  (* 
and  **)  suggesting  that  these 
compounds  may  be  effective  at 
stabilizing  RTA.  The  hit  compounds 


Table  3:  Hit  compounds  from  bioactive  ‘FDA-approved’ 
chemical  library 

Chemical  name 

Acetyl  Isogambogic  Acid** 

Acriflavinium  hydrochloride 

Anthothecol 

1-Benzylcarbonylaminophenethlchloromethylyketone 

Celastrol* 

Dihydrocelastryl  Diacetate* 

Dihydrogambogic  Acid** 

Gambogic  Acid  Amide** 

Gentian  Violet 

Merbromin 

Tetrachloroisophthalonitrile 

*  and  **  indicate  structurally  similar  compounds 

Figure  5.  Analysis  of  high-content  screen  from  U373KIAL17/LK3FP  cells  treated  with  FDA 

approved  drugs.  The  figure  represents  the  data  recovered  from  U373KIAb177U~GFP  treated 

with  320  FDA-approved  drugs,  DMSO  (negative  controls),  and  ZL3VS  (2.8^iM,  positive 
controls).  The  red  arrows  represent  hit  compounds  that  stabilize  RTAE177D  GFP. 
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were  purchased  for  secondary  assays  excluding  gambogic  acid  amide  and  dihydrogambogic  acid 
because  they  were  unavailable  from  commercial  sources. 


W  # 


B 


f/ 


Analysis  of  hit  compounds  from  bioactive  ‘FDA-approved’  chemical  library. 

Our  initial  secondary  assay  examined  the  ability  of  the  hit  compounds  to  stabilize  RTAEi77d 
molecules  lacking  the  GFP  protein.  U373RTAE177D  cells  treated  with  2.5,  5,  and  10  p,M  of  the  respective 
hit  compounds  or  proteosome  inhibitor  ZL3VS  (2.5  ^iM)  for  16  hrs  were  subjected  to  an  immunoblot 
analysis  for  RTA  and  glyceraldehyde  3-phosphate  dehydrogenase  (GAPDH)  (Fig.  6).  As  expected,  the 
cells  treated  with  proteosome  inhibitor  caused  the  stabilization  of  both  the  glycosylated  (+CHO)  and 
deglycosylated  (-CHO)  RTA  molecules  (Fig.  6,  A,  B,  C,  and  D,  lane  3)  (23).  The  observation  of  the 
deglycosylated  version  of  the  RTA  indicates  that  the  polypeptide  has  been  dislocated  across  the 
membrane  exposing  part  of  the  protein  to  the  cytosol.  Examination  of  the  total  RTA  protein  levels  from 
cells  treated  with  the  hit  compounds  demonstrated  that  anthothecol,  acetyl  isogambogic  acid,  gentian 
violet,  celestrol,  dihydrocelastryl  diacetate,  and  tetrachloroisophthalonitrile  induced  a  robust  stabilization 
of  RTA  molecules  (Fig.  6A-D).  Also,  1-benzylcarbonylaminophenethlchloromethylyketone  only  slightly 
increased  the  levels  of  RTA  (Fig.  6D,  lanes  4-6).  In  contrast,  merbromin  and  acriflavinium 
hydrochloride  were  ineffective  at  stabilizing  ricin  A  chain  molecules  (Fig.  6B).  The  GAPDH  immunoblot 
demonstrated  equivalent  protein  loading  (Fig.  6,  A,  C,  and  D  (lanes  10-18)  and  B  (lanes  13-24)).  The 
hit  compounds  gentian  violet,  celestrol,  and  dihydrocelastryl  diacetate  stabilized  a  higher  proportion  of 
the  glycosylated  RTA  species  suggesting  that  they  may  target  a  step  prior  to  dislocation.  On  the  other 
hand,  anthothecol,  acetyl  isogambogic  acid,  and  tetrachloroisophthalonitrile  stabilized  both  forms  of 
RTA  at  equivalent  levels  suggesting  that  a  step  downstream  of  dislocation  was  probably  altered  by  the 
compound  (Fig.  6A  and  C).  Collectively,  these  compounds  displayed  a  varied  effect  on  RTA  stability 

and  may  be 
potential 
reagents  that 
can  prevent  ricin 
intoxication. 

We  next 
examined 
whether  the 
most  effective  hit 
compounds  that 
stabilize  ricin  A 
chain  would  also 
increase  the 
levels  of  a 
classical  ER 
degradation 
substrate.  The 
stabilization  of 
an  ER 

degradation 
substrate  would 
indicate  that  the 
compound  may 
be  effective 
against  genetic 
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Figure  6.  Analysis  of  hit  compounds  that  stabilize  RTAEi77D  species.  Total  cell  lysates  from  U373  Kb-RTAE177D 
cells  treated  with  DMSO,  ZL3VS  or  hit  compounds  (A-D)  were  subjected  to  immunoblot  analysis  for  RTA  (A,  B, 
and  D,  lanes  1-9  and  B,  lanes  1-12)  and  GAPDH  (A,  B,  and  D,  lanes  10-18  and  B,  lanes  13-24)).  The  respective 
polypeptides  and  molecular  weight  markers  are  indicated. 
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diseases  that  are  due  to  misfolded  ER  polypeptides  (Table  1).  Thus,  we  examined  the  levels  of  TCRa 
chain  because  it  is  a  well-characterized  ER  dislocation  substrate  that  is  degraded  with  fast  kinetics  (8, 
10).  U373  cells  expressing  TCRa  chain  were  untreated  or  treated  with  ZL3VS  or  the  respective  hit 
compounds  and  analyzed  by  immunoblot  analysis  (Fig.  7).  Typically,  TCR  a  chain  is  degraded  in  a 
proteasome  dependent  manner  as  observed  by  the  increased  stability  of  both  glycosylated  (+CHO)  and 

deglycosylated  (-CHO)  TCR  a  chain 
upon  ZL3VS  treatment  (Fig.  7,  lanes  2- 
4).  Strikingly,  anthothecol, 

dihydrocelastryl  acetate,  celestrol,  and 


acetyl  isogambogic  acid  induced  a 
significant  increase  in  levels  of  TCR  a 
chain  (Fig.  7,  lanes  5-11).  These 
compounds  mostly  induced  the 
accumulation  of  glycosylated  TCR  a 
chain  species  indicating  they  have 
attenuated  the  dislocation  reaction. 
Gentian  violet, 

tetrachloroisophthalonitrile,  and  1- 
benzylcarbonylaminophenethlchloromethylyketone  only  marginally  induced  an  increase  in  levels  of  the 
TCR  a  chain  species  (Fig.  7,  lanes  5,  10,  and  11).  Note,  gentian  violet  treated  cells  induced  a  small 
increase  in  TCR  a  chain  and  higher-molecular  weight  species  likely  due  to  ubiquitinylation  (Fig.  7,  lane 
5  and  data  not  shown).  The  calnexin  immunoblot  demonstrated  equivalent  protein  loading  (Fig.  7, 
lanes  12-22).  The  data  suggest  that  gentian  violet  and  tetrachloroisophthalonitrile  may  be  specific  for 
stabilizing  ricin  A  chain,  while  anthothecol,  dihydrocelastryl  acetate,  celestrol,  and  isogambogic  acid 
likely  target  a  protein  or  pathway  that  is  common  for  the  destabilization  of  ricin  A  chain  and  a  misfolded 
ER  protein.  Collectively,  these  results  imply  that  ricin  specific  compounds  could  be  identified  utilizing 
our  high-content  screen  as  well  as  compounds  that  may  be  effective  against  other  ER  substrates. 

High-content  screening  of  LI  library. 

We  next  began  screening  the  LI  library  that  is  comprised  of  100,000  compounds  selected  from 
the  Chembridge  library  collection  targeting  membrane  and  cellular  pathways  at  the  MSSM  ETI-ISC.  We 

Table  4:  Hit  compounds  from  currently  screened  LI  library _ 

Chemical  name _ 

2-[(3-methyl-4-nitrobenzoyl)amino]-4,5,6,7,8,9-hexahydrocycloocta[b]thiophene-3-carboxamide 

2- (3-methoxyphenyl)-6-(1  -piperidinyl)-1  H-benzo[de]isoquinoline-1 ,3(2H)-dione 

3- (benzylamino)benzo[b]-1,6-naphthyridine-4-carbonitrile _ 

5-bromo-N-[3-(5-chloro-1,3-benzoxazol-2-yl)-2-methylphenyl]nicotinamide _ 

N-ethyl-N-{2-[(5-nitro-8-quinolinyl)amino]ethyl}benzenesulfonamide _ 

4- [5-(4-bromophenyl)-4,7-dihydrotetrazolo[1 ,5-a]pyrimidin-7-yl]-N,N-dimethylaniline _ 

2-(4-bromo-2-methylphenoxy)-N-(4-methoxy-2-nitrophenyl)acetamide _ 

have  screened  over  35,000  compounds  and  eight  compounds  were  identified  as  hit  compounds  (Table 
4).  These  compounds  represent  reagents  that  provided  a  >0.9  Z  factor  indicating  they  induced 


Figure  7.  Analysis  of  hit  compounds  that 

stabilize  TCRa  chain.  Total  cell  lysates 
from  U373  and  U373  TCRa  cells  treated 
with  DMSO,  ZL3VS  or  hit  compounds  at  the 
indicated  concentration  for  14hrs  were 
subjected  to  immunoblot  analysis  for  TCRa 
chains  (lanes  1-11)  and  calnexin  (lanes  12- 
22).  The  respective  polypeptides  and 
molecular  weight  markers  are  indicated 
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consistent  GFP  emitting  granules.  Secondary  assays  will  be  performed  to  determine  whether  these 
compounds  specifically  stabilize  ricin  A  chain  or  are  general  inhibitors  of  the  dislocation  and 
degradation  processes  for  misfolded  ER  proteins. 

KEY  RESEARCH  ACCOMPLISHMENTS: 

•  Isolated  single  clones  of  human  U373  cells  that  express  the  RTAEi77D-GFP  chimera. 

•  Optimized  proteasome  inhibitor  ZL3VS  treatment  of  U 3 7 3 RTAE 1 77 °-G F p  ce|ls  for  the  high 
content-screen. 

•  Screened  bioactive  ‘FDA-approved’  chemical  library  of  2080  compounds. 

•  Screened  >35,000  compounds  from  the  LI  chemical  library  at  the  Mount  Sinai  School 
of  Medicine  Experimental  Therapeutic  Institute. 

•  Eleven  hit  compounds  were  identified  from  the  bioactive  ‘FDA-approved’  chemical 
library  that  stabilized  RTAE177D-GFP. 

•  Six  hit  compounds  from  the  bioactive  ‘FDA-approved’  chemical  library  stabilized 
RTAE177D  molecules  using  an  immunoblot  assays. 

•  Four  hit  compounds  from  the  bioactive  ‘FDA-approved’  chemical  library  stabilized  the 
ER  dislocation  substrate  TCR  a  chain. 

•  Two  compounds  from  the  bioactive  ‘FDA-approved’  chemical  library  may  specifically 
stabilize  RTAe-|77d- 

•  Eight  hit  compounds  from  -35,000  compounds  of  the  LI  library  were  identified  as  hit 
compounds  that  stabilized  RTAE177D-GFP. 

REPORTABLE  OUTCOMES: 

Manuscripts: 

1)  Redmann,  V.,  Lau,  W.,  Morohashi,  K.,  Felsenfeld,  D.,  and  Tortorella,  D.  (2012)  Identification  of 
novel  compounds  that  stabilize  ricin  A  chain  utilizing  granularity  parameters  in  a  high  through¬ 
put  screen,  in  preparation. 

2)  Redmann,  V.  and  Tortorella,  D.  (2012)  Characterization  of  novel  compounds  that  stabilize  ricin 
A  chain  in  the  ER,  in  preparation. 


Compounds  identified  to  stabilize  ricin  A  chain: 


Chemical  name 

Chemical  Library 

Acetyl  Isogambogic  Acid 

Bioactive  ‘FDA-approved’  library 

Acriflavinium  hydrochloride 

Bioactive  ‘FDA-approved’  library 

Anthothecol 

Bioactive  ‘FDA-approved’  library 

1-Benzylcarbonylaminophenethlchloromethylyketone 

Bioactive  ‘FDA-approved’  library 

Celastrol 

Bioactive  ‘FDA-approved’  library 

Dihydrocelastryl  Diacetate 

Bioactive  ‘FDA-approved’  library 

Dihydrogambogic  Acid 

Bioactive  ‘FDA-approved’  library 

Gambogic  Acid  Amide 

Bioactive  ‘FDA-approved’  library 

Gentian  Violet 

Bioactive  ‘FDA-approved’  library 

Merbromin 

Bioactive  ‘FDA-approved’  library 

Tetrachloroisophthalonitrile 

Bioactive  ‘FDA-approved’  library 

2-[(3-methyl-4-nitrobenzoyl)amino]-4,5,6,7,8,9- 

hexahydrocycloocta[b]thiophene-3-carboxamide 

LI  library 

2-(3-methoxyphenyl)-6-(1-piperidinyl)-1H-benzo[de]isoquinoline- 
1 ,3(2H)-dione 

LI  library 

3-(benzylamino)benzo[b]-1 ,6-naphthyridine-4-carbonitrile 

LI  library 

5-bromo-N-[3-(5-chloro-1 ,3-benzoxazol-2-yl)-2- 
methylphenyl]nicotinamide 

LI  library 

N-ethyl-N-{2-[(5-nitro-8-quinolinyl)amino]ethyl}benzenesulfonamide 

LI  library 

4-[5-(4-bromophenyl)-4,7-dihydrotetrazolo[1,5-a]pyrimidin-7-yl]-N,N- 

dimethylaniline 

LI  library 

2-(4-bromo-2-methylphenoxy)-N-(4-methoxy-2-nitrophenyl)acetamide 

LI  library 
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CONCLUSION: 

We  have  established  a  human  cell-based  strategy  to  discover  anti-ricin  therapeutics.  U373 
cells  that  express  the  RTAE177D-GFP  chimera  were  utilized  in  a  high-content  screen  to  identify 
compounds  that  stabilize  the  RTAE177D-GFP  molecule  within  the  ER  compartment.  The  accumulation 
of  RTAE177D-GFP  proteins  in  the  ER  suggests  that  the  polypeptide  is  unable  to  access  the  cytosol  and 
intoxicate  cells.  We  have  performed  a  high-content  screen  at  MSSM  Experimental  Therapeutics 
Institute  Integrated  Screening  Core  which  is  well  equipped  with  a  full-time  screening  staff,  state-of-the- 
art  high-throughput  technology,  and  technical  expertise.  To  date,  we  have  screened  a  bioactive  ‘FDA- 
approved’  chemical  library  (2080  compounds)  and  part  of  a  LI  chemical  library  (>35,000)  at  the 
MSSM  Screening  Core.  We  have  identified  19  compounds  that  stabilize  RTAE177D-GFP  with  11 
compounds  from  the  bioactive  ‘FDA-approved’  chemical  library  (Table  3)  and  8  from  the  LI  library 
(Table  4).  Of  the  identified  19  compounds,  11  compounds  were  subjected  to  secondary  assays  to 
validate  the  effectiveness  of  the  compounds  as  well  as  examine  their  specificity  to  stabilize  ricin  A 
chain.  Strikingly,  the  hit  compounds  anthothecol,  dihydrocelastryl  acetate,  celestrol,  and  isogambogic 
acid  appear  to  target  a  protein  or  molecular  complex  that  is  common  for  the  destabilization  of  ER 
substrates.  These  compounds  likely  modulate  the  function  of  the  proteins  involved  in  the  late  stages  of 
the  degradation  process  including  the  proteasome,  ubiquitinylation  machinery,  and  general  dislocation 
components.  Also,  these  components  could  be  effective  at  stabilizing  proteins  that  can  cause  human 
diseases  such  as  emphysema  or  cystic  fibrosis. 

We  have  also  identified  gentian  violet  and  tetrachloroisophthalonitrile  as  possible  compounds 
that  specifically  stabilize  ricin  A  chains  in  the  ER.  Through  the  observation  of  mostly  glycosylated,  ER- 
localized  ricin  A  chain  and  a  lack  of  stability  of  TCRa  chain,  the  compounds  are  likely  attenuating  the 
dislocation  of  the  ricin  A  chain  by  either  targeting  the  ricin  molecule  itself  or  by  targeting  a  cellular 
protein  specifically  co-opted  by  ricin  toxin  to  gain  access  to  the  cytosol.  Collectively,  we  have 
demonstrated  the  proof-of-concept  that  our  assay  system  is  capable  of  identifying  hit  compounds 
specifically  for  ricin  as  well  as  more  general  dislocation/degradation  inhibitors.  Collectively,  the 
identified  reagents  may  be  utilized  for  therapeutics  for  individuals  exposed  to  ricin  toxin,  other  toxins 
(e.g.  shiga  and  cholera  toxin)  that  utilize  a  similar  cellular  pathway,  and/or  genetic  diseases  induced  by 
the  instability  of  a  mutant  ER  protein.  Our  future  experiments  plan  to  screen  additional  chemical 
compounds  to  identify  the  most  effective  anti-ricin  compounds  and  perform  secondary  assays  that 
examine  a  compound’s  effectiveness  in  cells  and  an  animal  model. 
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